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Abstract 
This study measured the bond strength / failure initiation of a set of metal/ceramic pairs of dental application. It was 
analized the variation of the bond strength depending on the employed materials and the surface treatment on the metal 
bases. Two types of alloys were evaluated, a Co-Cr-based and a Ti-based. For the metals surface treatments, techniques of 
polishing, sandblasting, traditional oxidizing (in Co-Cr) and anodized (in Ti) were applied. Different commercial ceramics 
were applied (Carmen Dentaurum for Co-Cr and Triceram Dentaurum for Ti). Appropriate heat treatments for firing the 
ceramic were performed. Adhesion tests were performed by a three point flexural method, on the basis of the IRAM-ISO 
9693 Standard. The results were statistically analyzed, highlighting the improvement in the metal/ceramic adhesion when 
the metal surfaces are sandblasted and the slight improvement that occurs in the anodized Ti-type pairs. Additionally, 
some interfaces were characterized using techniques of optical and electron microscopy (SEM-EDS). Finally, the work 
discussed about how the different conditions of the metal surface at the interface influence the characteristics of the bond 
between metal and ceramic. 
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1. Introduction 
At present, oral aesthetics it is a very common aspect of dentistry and its development has become very 
important. Dental ceramics play a key role in this aspect, since they not only offer good color stability and 
ability to mimic the appearance of natural teeth, but also are biocompatible, have good wear resistance and are 
easy to treat. Currently common feldspar ceramics, which are characterized by low temperature sintering, are 
achieved in different shades and with excellent optical properties. However, the main disadvantage of these 
materials is the susceptibility to fracture, especially when there are mechanical stresses and defects. 
Therefore, they should be used only on metal supports acting as a coating. By ensuring good adhesion 
between the ceramic and the metal, ceramic will bear well the loads to be carried out on prostheses, reducing 
significantly the risk of fracture. The metal/ceramic pair then combines good aesthetic properties of ceramic 
materials with good mechanical properties of base metal, achieving an oral rehabilitation in a functional and 
aesthetic context. The prosthesis porcelain-fused-to-metal (PFM) is the metal/ceramic pair most commonly 
used for dental crowns and bridges. 
The first metal/ceramic pairs were made with gold as main component. In the group of non-noble alloys, 
pairs of Ni or Co based are the most used, together with the recent addition of Ti alloys, Steinemann, 1998. 
Although most of the mentioned metal materials have good mechanical properties, they still have a number of 
comparative disadvantages respect to noble metals, such as lower biocompatibility, corrosion resistance and 
discoloration of the ceramic attachments. 
Also, Cr based alloys are frequently used in the PFM pairs. This element favours the passivation of the 
material in the oral environment and produces the formation of an oxide which improves adhesion to the 
ceramic. Usually, these alloys also contain Ni or Mo and, in some cases, Be. Both Ni and Be are controversial 
because their biocompatibility, Geurtsen, 2002, Hensten-Pettersen, 2003. So the tendency is to replace Ni by Co. 
On the other hand, the Ti is a non-noble metal whose use is widespread in recent years in this field due to a 
number of advantages: good corrosion resistance, good biocompatibility, low density, low thermal conductivity 
and reasonable price, Reppel et al., 1992. 
The success of a metal/ceramic pair strongly depends on the good adhesion between the ceramic and the 
metal base. It requires that the metal and ceramic be compatible in many ways: chemical, mechanical, thermal 
and aesthetical. Although many theories attempt to resolve the physic-chemical nature of these joints, they 
require further investigation. 
The interaction between Ni-Cr alloys and porcelain was evaluated by different authors, trying to clarify the 
bonding mechanism, Barreiro, 1987, Hegedús et al., 2002, however, not many studies were dedicated to a 
complete and thorough characterization of the metal surfaces where the ceramic layers are deposited. In this 
context the objective of this study was to apply different surface treatments for Ti specimens, seeking to 
improve adhesion of metal/ceramic pairs. The results were evaluated in a comparative way according to 
different metal surface treatments. Also, Co-Cr base metal pairs were prepared and tested in order to make a 
comparative analysis with such materials of widespread application.  
2. Experimental 
To evaluate the resistance of the adhesive bond of the metal/ceramic interface, bond strength / initiation to 
failure tests were performed, as indicated by the IRAM-ISO 9693 Standard, 2009 (Shwickerath fracture 
initiation test). This Standard indicates the requirements and test methods for metallic dental materials and 
suitable ceramics for use in the manufacture of metal/ceramic restorations. This method is considered one of 
the most suitable for measuring this resistance, since it is relatively simple the manufacturing of the samples 
and the tests are reproducible. 
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2.1. Starting Materials 
Two metal bases were used for the pairs: (A) a commercial alloy of Co-Cr (Dentaurum Remanium CD, Co 
65%, Cr 28%, Mo 4.5%, Si 1.6% by weight,  others: Fe, Mn, Al, La, Ce) and (B) a commercially pure Grade 
2 Ti alloy (CP2 Ti, Fe 0.3%, O 0.25% by weight, Ti balance). Carmen Dentaurum (on Co-Cr), Dentaurum, 
2003, and Triceram Dentaurum (on the Ti CP2), Dentaurum, 2002, commercial materials were used for the 
ceramic deposition. 
2.2. Preparation of the Co-Cr metal samples 
Ingots of the Co-Cr material were melted and molded using a lost-wax process. X-ray inspections were 
made to verify the absence of casting defects on the as-cast probes. The machining of the specimens was 
performed using a surface grinder machine Apeka RP 350. Rectangular specimens of dimensions: 25 mm ± 1 
mm x 3 mm ± 0.1 mm x 0.5 mm ± 0.05 mm were finally obtained. Three sets or series of samples, according 
to three different surface treatments were prepared. In the three sets the surfaces were grinded and polished up 
to 1 micron diamond paste. In one set the polished surface was thermally oxidized (at 950 °C), in another set 
the polished surface was sandblasted and in the third set the polished surface was sandblasted and oxidized. 
The sandblasting was performed by ; the abrasive 
was applied vertically to the metal surfaces at 10 mm with 3.0 bar pressure for 45 seconds. The surface 
modifications were made to improve the adhesion between the metal base and the first ceramic layer. 
2.3. Preparation of the Ti metal samples 
In the case of the Ti based probes, a 0.5 mm thickness CP2 Ti plate was the starting material. Specimens 
were cut with the same dimensions and tolerances of the Co-Cr based probes. In all the specimens X-ray 
inspections were made to verify the absence of defects. The surfaces of all specimens were grinded and 
polished with the same procedure used for Co-Cr samples. Subsequent surface modifications of sandblasting 
and anodizing treatments were carried out. The sandblasting was done following the same procedure 
described for the case of Co-Cr. The anodizing process was performed on the sandblasted and non 
sandblasted (only-polished) specimens, using two different constant electric potentials of 9V and 30V 
(Mastech HY3005D-3 source) for 60 min, using an electrolytic 1 M H3PO4 solution at room temperature. 
According to the potential that was used in the anodizing process, the anodic oxide layer presented different 
colours. The colour obtained is mainly related to the thickness of the oxide layer formed on the substrate, Sul 
et al., 2001. The 9V anodizing produced a golden coating surface (~10-15 nm thick) and the 30V one 
produced a blue coating (~40-50 nm thick). Thus, five different sets or series of Ti based probes were 
manufactured: (a) polished and sandblasted surface, (b) polished and 9V anodized surface, (c) polished and 30 
V anodized surface, (d) polished, sandblasted and 9V anodized surface and (e) polished, sandblasted and 30 V 
anodized surface. These treatments were chosen, among other reasons, for comparatively evaluating the effect 
of anodizing polished and sandblasted surfaces. 
2.4. Application of the ceramics and heat treatments 
In all cases, the layers of ceramic material were applied covering a central area of 8mm x 3mm (1mm 
height) on the treated face of metal specimens. On Co-Cr samples, three layers of Carmen ceramic were 
applied, following the manufacturer's instructions, Dentaurum, 2003. The first layer is the opaquer, the second 
is the dentine and the third is the enamel. After the application of each layer, heat treatments (HTs) were made 
on the pairs (three HT in total, one for each layer applied). The HTs are specified by the manufacturer to 
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firing and promote adhesion of the ceramic material applied to the base metal. A Hi RS-30-Ceramix furnace 
was used for firing ceramics. Table 1 shows the maximum temperatures (Tmax) applied to the firing of each 
Carmen ceramic layer on Co-Cr. In all cases, the permanence time of the sample at Tmax was 1 min. The HTs 
were performed in vacuum. 
Table 1. Maximum temperature of the heat treatments for the three layers of Carmen ceramic firing. 
Metal base Ceramic material Opaquer Dentine  Enamel 
Co-Cr Carmen 970 °C 970 °C 970 °C 
 
On the other hand, four layers of Triceram ceramic material were applied on the CP2 Ti prepared surfaces, 
following the manufacturer's instructions, Dentaurum, 2002: a bonder layer, two opaque material layers and a 
layer of dentine. After the application of each layer, four HTs, specified by the manufacturer, were made (one 
for each layer applied) in the Ceramix Hi-RS-30 furnace. Table 2 shows the maximum temperatures (Tmax) 
applied to the firing of each ceramic layer Triceram on CP2 Ti specimens. In all cases, the permanence time 
of the sample at the Tmax was 1min. The HTs were performed in vacuum. 
Table 2. HT maximum temperature for the four layers of Triceram ceramic firing. 
Metal base Ceramic material Bonder Opaquer 1  Opaquer 2 Dentine 
CP2 Ti Triceram 795 °C 795 °C 795 °C 755 °C 
2.5. Sample series 
The as prepared samples were organized and labeled following the denomination summarized in Table 3, 
using the letter A for the Co-Cr-type base metal samples and the letter B for CP2 Ti-type base metal samples. 
Table 3. Sample Series. 
Series Metal base Surface treatment Ceramic material  
A1 Co-Cr Oxidized Carmen 
A2 Co-Cr Sandblasted Carmen 
A3 Co-Cr Sandblasted+ Oxidized Carmen 
B1 CP2 Ti Sandblasted Triceram 
B2 CP2 Ti Anodized (9 V) Triceram 
B3 CP2 Ti Anodized (30 V) Triceram 
B4 CP2 Ti Sandblasted+ Anodized (9 V) Triceram 
B5 CP2 Ti Sandblasted+ Anodized (30 V) Triceram 
2.6. Mechanical testing standard 
To measure the bond strength / failure initiation an Instron-3369 with a load cell of 5 kN was employed. 
The test protocol was according to ISO-IRAM 9693 Standard. It is a three point flexural test where the sample 
is put on two fixed supports and a perpendicular force, exerted by a third mobile rounded loading rod 
(crosshead speed of 1.5 mm/min) is applied on the middle of the sample. The relevant parameters of the assay 
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are the thickness of the base metal, the spacing between the supports (20 mm) and the Young's modulus of the 
base metal. The specimens were placed in the bending device with the ceramic layer located at the tensile 
side. An increasing load is applied until a failure force F is achieved, which corresponds to the ceramic 
detachment of one end of the applied ceramic or the fracture of the ceramic is registered. To calculate the 
bond strength / b, a specified calculation algorithm which includes the measured failure 
force F and other sample parameters (Young´s modulus and thickness of the metal base) was employed. Six 
samples were tested for each series. 
2.7. Analysis by optical and electron microscopy 
In addition, not tested samples of each series were observed at their interfaces with optical microscope 
(Olympus BX-60M) and scanning electron microscope, and microanalyzed with energy dispersive 
spectrometry of X-ray analysis (Philips SEM-EDAX). For this, the interface surfaces were carefully grinded 
and polished up to 0.25 micron diamond paste. 
3. Results and discussion 
For the approval of the metal/ceramic union, the IRAM-ISO 9663 Standard requires that the bond strength 
of the adhesion b must be greater than 25 MPa, but explaining that the pair complies with the assay if four or 
more of the six samples tested exceeded this value. It was observed that the three A-type series and three of 
the five B-type series (B1, B4 and B5) meet this requirement. Table 4 summarizes the bond strength b values 
and their standard deviation calculated from the standardized test in each series (see also Figure 1). 
Table 4. Mean value and standard deviation of b for the tested series. 
Series A1 A2 A3 B1 B2 B3 B4 B5 
b [MPa] 57.11 57.15 63.81 26.11 19.52 17.35 41.05 46.55 
Standard deviation  11.50 10.42 9.41 9.58 9.24 3.96 12.49 16.00 
 
 
Fig. 1. Mean values and standard deviation of b in the tested series. 
We performed a comparative statistical analysis by Student´s t-test method (with permissible error 
probability P = 0.05), comparing the population data by taking a few set of pairs. Three possible combinations 
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were compared within the A-type series: A1/A2, A1/A3 and A2/A3. Within the B-type series the following 
combinations were compared: B2/B4, B3/B5, B1/B4, B1/B5 and B4/B5. Among the different types of series 
we compared the following combinations: A1/B4, A1/B5, A1/B1, A2/B1 and A3/B5. Comparisons within the 
A-type series revealed no statistically significant differences among themselves, while the highest mean value 
b of the sandblasted and oxidized samples seems to indicate that it is the most appropriate process to improve 
the bond strength. The results of the comparisons within the B-type series are summarized in Table 5. 
Comparing A-type with B-type series, no statistically significant differences were established between the Co-
Cr-type series lower mean value ( b A1) and the CP2 Ti-type series highest mean value ( b B4 and b B5), or 
between the highest mean value sample of each type series ( b A3/ b B5), but only between sandblasted 
samples of each type ( b A2 > b B1). 
Table 5. Statistically significant differences (SSD) between some pairs of B-type series. 
Compared pairs B2/B4 B3/B5 B1/B4 B1/B5 B4/B5 
SSD b B4 > b B2 b B5 > b B3 No difference b B5 > b B1 No difference 
 
In all samples the microscopic observation of the interfaces showed generally a good bond between the 
first layer of ceramic and the metal. There were no significant pores or flaws. There was also a very good 
bond between the ceramic layers. Figure 2 shows a SEM micrograph obtained from a typical region of the 
interface of a B4 series sample (1600x). Two distinct zones are observed in the ceramic side, corresponding to 
the bonder layer and the first opaque layer. It can be seen the good adhesion between metal and the first layer 
of ceramic. Also a metal surface roughness is observed, which scale indicates that it was produced by 
sandblasting. In all the analyzed cases, mappings were performed by measuring SEM-EDS composition at the 
interfaces, indicating a very low interdiffusion of chemical elements between both sides of the interfaces. A 
visual inspection of samples after the detached of ceramic not allow any conclusions about the kind of prime 
mechanism in the detaching process. In all cases there are areas where the ceramic is completely off and other 
sectors where a thin layer of the ceramic remained adhered. 
 
 
Fig. 2. SEM micrographs showing a B4-type metal/ceramic interface (1600x). 
The higher mean values of bond strength observed in the sandblasted samples versus non sandblasted ones, 
comparing within the B-type series, must be due to the increase of the contact surface between metal and 
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ceramic; this had already been observed in other metal/ceramic systems such as Ni-Cr as metal base, Rokni et 
al., 2007. This effect is not as evident in the samples of A-type series. 
On the other hand, it is known that the presence of an oxide layer on the metal surface is a key factor for 
the adhesion of the ceramic layer on the metal. Also, the increased adhesion was observed when the metal 
surfaces have been treated (wear, sandblasting, oxidation) and the oxide formed has been held prior to the 
deposition of the ceramic, Carter et al., 1979. In this work, this effect is not clearly defined at all in the A-type 
series; only it has been observed a slight increase in the mean value b in the sample A3 respect to A2. In 
contrast, in the B-type series, the oxide layer provided by the anodizing has resulted in a marked improvement 
in bond strength when comparing b mean values between B1/B4 and B1/B5. 
In the case of B-type samples it can be observed that the effect of sandblasting is decisive in the 
improvement of bond strength (comparing B4/B2 and B5/B3). Furthermore, the anodized layer probably 
produces a slight improvement of the chemical bond between ceramic oxides and anodized layer. As earlier 
mentioned, the initial thickness of the anodized layer is a few tens of nanometers, but after the HT is quite 
possible that its thickness has increased. The anodized CP2 Ti has also demonstrated an acceptable 
biocompatibility, Gómez Sánchez et al., 2009. We conclude that the treatment of anodized over sandblasted 
surfaces is a very good alternative for the processing of metal/ceramic CP2 Ti base pairs. 
4. Conclusions 
 The sandblasting was shown to increase the bond strength within the series of CP2 Ti base pairs. 
 The bond strength of Co-Cr sandblasted-only base pairs was higher than that of Ti sandblasted-only base 
pairs. 
 The bond strength of the sandblasted + anodized Ti base pairs is statistically of the same order of the bond 
strength of all Co-Cr base pairs. 
 It was verified that the anodizing process is simple to implement and capable to generate an oxide layer of 
controlled thickness in the Ti material. It was found that the anodizing produce a slight improvement in 
bond strength in the case of CP2 Ti. 
 There were no significant differences between the Ti anodized pairs produced at different applied voltages 
(comparison of the mean values of B2/B3 and B4/B5). 
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